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Abstract

Dam removal in the United States is increasing as a result of structural concerns, sedimentation of reser-

voirs, and declining riverine ecosystem conditions. The removal of the 32 m Elwha and 64 m Glines Canyon

dams from the Elwha River in Washington, U.S.A., was the largest dam removal project in North American

history. During the 3 yr of dam removal—from September 2011 to August 2014—more than ten million

cubic meters of sediment was eroded from the former reservoirs, transported downstream, and deposited

throughout the lower river, river delta, and nearshore waters of the Strait of Juan de Fuca. Water quality data

collected in the estuary complex at the mouth of the Elwha River document how conditions in the estuary

changed as a result of sediment deposition over the 3 yr the dams were removed. Rapid and large-scale

changes in estuary conditions—including salinity, depth, and turbidity—occurred 1 yr into the dam removal

process. Tidal propagation into the estuary ceased following a large sediment deposition event that began in

October 2013, resulting in decreased salinity, and increased depth and turbidity in the estuary complex.

These changes have persisted in the system through dam removal, significantly altering the structure and

functioning of the Elwha River estuary ecosystem.

Impacts from human activities have fundamentally

changed ecosystems around the world (Vitousek et al. 1997).

Land-use change, in particular, has altered the amount of

sediment entering watersheds and being delivered to the

ocean (Syvitski et al. 2005). Activities such as logging and

urban development have increased the amount of sediment

entering rivers and the ocean (Walling and Fang 2003),

while the construction of dams has significantly decreased

the amount of sediment reaching the ocean (V€or€osmarty

et al. 2003). These changes can affect sediment budgets at

multiple scales, from a single river system to the world’s

ocean. Altered sediment delivery can also have long-term

effects on abiotic and biotic characteristics of ecosystems

(Henley et al. 2000; Airoldi 2003; Thrush et al. 2004).

The number of dams worldwide is continually increasing

in an effort to address rising demands for power and water

(World Commission on Dams 2000). In the United States,

however, there has been an increase in the number of dam

decommissioning projects (Pohl 2002; O’connor et al. 2015)

in response to concerns about structural integrity, sedimen-

tation of reservoirs, and declining ecological conditions

(Born et al. 1998; Aspen Institute 2002). In many recent

removals, the cost of maintaining or retrofitting dams,

coupled with the social and ecological risks, outweighed the

benefits the dams generated, making removal a viable option

(Aspen Institute 2002).

Dams can affect the physical properties of downstream

river reaches by altering flow (e.g., attenuating or decreased

peak flows), changing water temperature, and increasing the

coarseness of the stream bed by impeding the transport of

sediment downstream (Stanley and Doyle 2003). Dams also

create a physical barrier for migrating species, including many

declining anadromous fish populations (Heinz Center 2002).

Although dam removal can immediately alleviate some of

these changes, removal is not without consequence. Depend-

ing on the lifespan of a dam and the properties of the
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surrounding watershed, vast amounts of sediment can accu-

mulate in the dam reservoir. Estimated amounts of reservoir

sediment stored behind recently removed dams range from

1000 m3 to over 21,000,000 m3 (Grant and Lewis 2015). The

amount and rate of reservoir sediment released during and fol-

lowing dam removal depends on a number of factors, includ-

ing dam removal method (e.g., instantaneous or staged

removal), grain size, cohesion, and consolidation of the sedi-

ment deposits, and the timing and magnitude of high flow

events (Sawaske and Freyberg 2012). The magnitude and dura-

tion of sediment transport following dam removal can funda-

mentally change downstream physical conditions and drive

changes in ecosystem structure and functioning (Poff and

Hart 2002). However, much of our knowledge on the effects of

dam removal comes from relatively short-duration studies of

small, low-head dams (Doyle et al. 2005; Lorang and Aggett

2005; Sawaske and Freyberg 2012).

The removal of the Elwha and Glines Canyon dams on

the Elwha River in northwestern Washington (Fig. 1) was

the largest dam removal in North American history based on

size and the total amount of sediment released. The staged

removal of both dams took 3 yr to complete. Dam removal

commenced in September 2011; the Elwha Dam was fully

removed in March 2012, allowing for the associated reser-

voir, Lake Aldwell, to drain completely at that time. Lake

Mills, upstream of the Glines Canyon Dam, was fully

drained in late October 2012 and the dam was completely

removed in September 2014. Sediment in the reservoirs was

free to be transported downstream at the time of reservoir

draining, although considerable transport occurred once

delta sediments reached the partially removed dams.

An estimated 21 6 3 3 106 m3 of fine and coarse-grained

sediment accumulated behind the Glines and Elwha dams

prior to dam removal (Randle et al. in press). Modeling con-

ducted prior to dam removal predicted that approximately

50–60% of accumulated sediment would erode from the reser-

voirs, with the river transporting most of the material to the

Strait of Juan de Fuca (Randle et al. 1996; Konrad 2009). What

came to pass, however, was considerable deposition at the

river delta during the first 2 yr of dam removal. Gelfenbaum

et al. (In press) measured approximately 2.5 3 106 m3 of depo-

sition, effectively moving the delta approximately 200 m off-

shore (Fig. 2). During this same time period, water column

turbidity in the river increased by three orders of magnitude

compared to natural levels in the Elwha River upstream of the

dams (Curran et al. 2013; Magirl et al. in press).

Changes in sediment deposition and water column tur-

bidity could substantially alter river, coastal, and nearshore

habitats downstream of the dams, which were thoroughly

altered due to the presence of the dams (D.O.I. 1995; Duda

et al. 2008, 2011b). Of particular interest in the Elwha River

system is the estuary complex at the mouth of the river (Fig.

1). These well-defined pocket estuaries support a diverse pop-

ulation of macroinvertebrates (Duda et al. 2011a) and plant

communities (Shafroth et al. 2011). Like other estuaries in

the Puget Sound, they are also important nursery habitat for

Fig. 1. (a) Elwha River and dam locations; (b) estuary complex at the mouth of the Elwha River (September 2013); (c) east estuary; (d) west estuary.
Orange dots denote the location of the YSI sondes. (Photos by A. Ritchie and M. Foley)
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many fish species, including several salmonids (Simenstad

et al. 1982; Shaffer et al. 2008; Duda et al. 2011a). Prior to

dam removal several factors controlled water quality in the

estuary complex—including tidal flushing, river discharge,

and ocean conditions—resulting in daily fluctuations in

depth, salinity, and temperature (Magirl et al. 2011).

The likelihood for change in the estuary complex follow-

ing dam removal was high, including negative impacts to

water and habitat quality, but no specific predictions for the

type and rate of change in the estuary were made. We pres-

ent data that show the timing and magnitude of water qual-

ity changes in the estuary complex during dam removal

from October 2011 through September 2014 and compare

these conditions to data from 2008 and 2009, prior to dam

removal. This study is an important contribution to the dam

removal literature because it is the only published study to

examine how dam removal affects abiotic conditions in

coastal habitats; the length of the water quality data record

is extensive compared to other dam removal studies; and the

scale of dam removal and sediment movement is larger

than any other dam removal to date. As dam removal is

increasingly added to the management toolbox, it is impor-

tant to understand the short- and long-term outcomes of

this river restoration technique in a variety of habitats.

Methods

Study area

The Elwha River drains a glaciated, mountainous water-

shed that terminates at the Strait of Juan de Fuca approxi-

mately 9 km west of the city of Port Angeles, Washington,

U.S.A. The Elwha watershed is 833 km2 in area, with 83% of

the watershed contained within the boundaries of Olympic

National Park. A steep precipitation gradient exists, with

annual precipitation averages of 6000 mm and 1000 mm at

the headwaters and river mouth, respectively (Duda et al.

2011b). There are two annual peaks in river flow driven by

rainfall in the winter months and snowmelt in the late

Fig. 2. Photos showing the evolution of the Elwha River mouth and estuary complex during dam removal. (A) 19 March 2012 (tide height 1.5 m;

river discharge 1930 ft3 s21) (dam removal had started but Elwha Dam was not yet completely removed); (B) 08 November 2012 (tide height 1.3 m;
river discharge 1260 ft3 s21); (C) 26 August 2013 (tide height 1.6 m; river discharge 431 ft3 s21); (D) 15 January 2014 (tide height 1.4 m; river dis-

charge 1360 ft3 s21); (E) 14 May 2014 (tide height 1.3 m; river discharge 2420 ft3 s21); (F) 12 August 2014 (tide height 1.5 m; river discharge
569 ft3 s21). (Photos by A. Ritchie)
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spring and early summer. Average annual discharge of the

Elwha River, measured at the USGS McDonald Bridge gaug-

ing station (#12045500; http://waterdata.usgs.gov/wa/nwis/

uv?site_no=12045500) is 43 m3 s21.

The Elwha River estuary occurs at the confluence of the

Elwha River and the Strait of Juan de Fuca, the water body

that connects Puget Sound to the Pacific Ocean. The estuary

complex is approximately 0.35 km2 in size, and is comprised

of two pocket estuaries—small estuaries behind a barrier

beach that are tidally influenced (Beamer et al. 2003)—to the

east (0.25 km2) and west (0.1 km2) of the river (Fig. 1b). The

estuaries were former distributary channels that were modi-

fied in the 20th century by channelization, damming, and

diking, which limited the river to a single channel. A large

portion of the estuary area is located on the Lower Elwha

Klallam tribal reservation.

Over the past century, the Elwha River was altered by the

presence of two hydroelectric dams. The 32 m Elwha Dam

was constructed at river kilometer (distance from the mouth

of the river, hereafter rkm) 7.9 from 1910 to 1913 impound-

ing Lake Aldwell, a reservoir that stored 10 3 106 m3 of

water. The Glines Canyon Dam was completed in 1927 at

rkm 21.6. This concrete arch dam was 64 m in height and its

reservoir Lake Mills stored 50 3 106 m3 of water. The dams

were constructed without provisions for fish passage, which

caused precipitous declines in once abundant anadromous

salmonids (Wunderlich et al. 1994; Brenkman et al. 2008;

Pess et al. 2008), as well as other changes to the physical and

biological structure and function of the ecosystem (e.g.,

Wunderlich et al. 1994; Duda et al. 2008; Morley et al.

2008). Recognizing an opportunity to recover imperiled

salmon populations, as well as resolving legal issues sur-

rounding Federal Regulatory Energy Commission relicensing

(see Gowan et al. 2006; Winter and Crain 2008 for reviews),

the United States Congress passed The Elwha River Anadro-

mous Fisheries and Ecosystem Restoration Act (Public Law

102-495) in 1992, which ultimately paved the way for dam

removal to occur (D.O.I. 1995).

Study design

We deployed sondes measuring salinity (ppt) and tempera-

ture (8C) (YSI Incorporated, 600-LS sonde) in the east estuary

from June to October 2008 and May to August 2009, and in

the west estuary from May to October 2009 (Fig. 1b) to char-

acterize water quality in the estuaries prior to dam removal.

We deployed sondes measuring salinity (ppt), temperature

(8C), depth (m), and turbidity (NTU) (YSI Incorporated, OMS

660 sonde) at the same locations in the east and west estua-

ries in June and August 2011, respectively, to characterize

estuary water quality during dam removal. All parameters

were measured and logged every 15 min, and we serviced the

instruments and downloaded the data at approximately 30-d

intervals. Gaps in the data occurred when instruments were

being serviced or calibrated, or when they were compromised

(e.g., sediment accumulated in protective sleeve or buried the

sensors) during high sedimentation events.

We summarize the time series data using a range of met-

rics over different temporal scales to capture the rapidly

changing physical conditions in the estuary and to docu-

ment changes during specific time periods during dam

removal. We calculated monthly summary statistics (mini-

mum, maximum, mean, median, standard degrees of free-

dom, and variance) for all water quality variables by water

year (01 October through 30 September; http://water.usgs.

gov/nwc/explain_data.html) for 2008, 2009, 2012, 2013, and

2014 (hereafter water years will be referred to as, e.g., WY14)

to assess the timing and magnitude of change. Following

Magirl et al. (in press), we also binned the data into nine dis-

tinct time intervals that correspond to major events during

the dam removal process (e.g., release of sediment from Lake

Aldwell) or hydrologic periods (e.g., summer flows). We used

analysis of variance (ANOVA) measures to test for differences

in salinity, depth, temperature, and turbidity values across

the following nine distinct time intervals: (1) before dam

removal (WY08 and WY09); (2) early dam removal (01 Octo-

ber 2011–22 March 2012); (3) Lake Aldwell release (23 March

2012–14 May 2012); (4) Summer 1 (15 May 2012–13 October

2012); (5) Lake Mills release (14 October 2012–10 July 2013);

(6) Summer 2 (11 July 2013–27 September 2013); (7) Winter

3 (28 September 2013–31 March 2014); (8) Freshet 3 (01

April 2014–31 May 2014); and (9) Summer 3 (01 June 2014–

30 September 2014). We used a pair-wise Tukey test to test

for differences between the nine dam removal time intervals.

Prior to using ANOVA measures we used a fourth root trans-

formation on the data to improve the homogeneity of var-

iances. Data were analyzed with R (version 3.0.0).

We also created indices from the salinity and turbidity

data that were useful for predicting the timing of potential

biological changes in the estuary. We calculated the propor-

tion of time estuary conditions were characterized by four

salinity habitat classes—fresh (0–0.5 ppt), oligohaline (0.5–5

ppt), mesohaline (5–18 ppt), and polyhaline (18–30 ppt) for

each dam removal time interval. These salinity habitat

classes reflect salinity thresholds that drive changes in the

benthic fauna of estuaries (Dauer 1993). We also calculated

the proportion of time estuary conditions were characterized

by five turbidity classes:<50 NTU,<250 NTU,<500

NTU,<1000 NTU, and>1000 NTU. The cutoffs for the first

two categories were drawn where biological processes in the

estuary, such as productivity (Lloyd et al. 1987) and feeding

(Reid et al. 1999), respectively, could be affected by elevated

levels of suspended sediment.

Results

We saw a dramatic shift in salinity, temperature, depth,

and turbidity dynamics in the estuary complex during the

dam removal process. Prior to dam removal (WY08 and
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WY09), estuarine salinity and temperature values fluctuated

over a large range multiple times a day (Fig. 3). These fluctu-

ations continued through Summer 1 of dam removal, with

salinity values ranging between 0.01 ppt and 31.6 ppt and

temperatures from near freezing in winter months to over

208C in summer months (Figs. 4a, 5, Supporting Information

Table 1). Depth was similarly variable during the first three

periods of dam removal, fluctuating between 0.2 m to 1.2 m

(Fig. 4a). Turbidity was low during early dam removal but

increased when Lake Aldwell drained. During this time

period, major increases in turbidity covaried with river dis-

charge (Fig. 4a). Turbidity levels decreased during Summer 1

but were significantly higher in both estuaries during

Summer 1 (mean 6 sd; 40.6 6 42.6 NTU) than they were dur-

ing Early Removal (17.3 6 14.1 NTU) (Fig. 6; Table 1).

Absolute values and variability of all water quality metrics

changed rapidly in the estuary after Lake Mills started spill-

ing sediment in October 2012 (Figs. 4–6). Beginning in Feb-

ruary 2013 in the east estuary and in May 2013 in the west

estuary, overall salinity decreased and the variability in salin-

ity values at daily, weekly, and monthly scales was minimal

(Figs. 4b, 5, Supporting Information Table 1). Salinity values

remained low for the remainder of our measurements. There

was a significant difference in salinity values across many

time intervals (east—F8,86980 5 9326, p<0.001; west—

F8,83703 5 13,457, p<0.001), driven by season in the early

stages of dam removal (Early Removal through Summer 1)

and continual freshening in the later stages of dam removal

(Fig. 6). Pair-wise comparisons showed that salinity values

during similar seasons were also significantly different

(summer 1 5 0.7 6 1.2 ppt; summer 2 5 0.1 6 0.01 ppt;

summer 3 5 0.05 6 0.01 ppt; Table 1; p<0.001 for all signifi-

cant pair-wise comparisons). Salinity conditions in the east

estuary were similar during the release of sediment from the

Aldwell and Mills reservoirs (p 5 0.99) and during freshet 3

and summer 3 (p 5 0.67). Salinity conditions in the west

estuary were significantly different across all time intervals

(p>0.05).

The decrease in salinity following the release of sediment

from Lake Mills in October 2012 drastically shifted the pres-

ence and persistence of salinity habitats in the estuaries (Fig.

7a). Prior to dam removal, the east estuary predominantly
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fluctuated between fresh (34%), oligohaline (36%), and mes-

ohaline (29%) conditions with occasional polyhaline (1%)

events. During early removal, the east estuary was slightly

fresher (48% fresh, 45% oligohaline), with fewer mesohaline

events (7%). The Lake Aldwell release coincided with the

end of winter flows and the beginning of the spring freshet,

so salinity conditions during this time were predominantly

fresh (96%). Oligohaline conditions returned during Summer

1 (39%) and during the beginning of the Lake Mills release

(9%) after which the salinity habitat in the estuaries was

fresh 100% of the time.

Water depth in the estuaries began to increase in the east

estuary in February 2013 and in the west estuary in April

2013 (Fig. 4, Supporting Information Table 2). Similar to

salinity, daily fluctuations in water depth also largely disap-

peared from the system at that time (Fig. 4b). The minimum

depth in the east estuary increased from 0.02 m to 0.6 m in

the summer of 2013, decreasing the difference between min-

imum and maximum depth values in the estuaries (Figs. 4a,

5, Supporting Information Table 2). Estuary depth fluctuated

more during WY14 in response to river discharge and migra-

tion of the main river channel (Figs. 2, 4a). Similar to salin-

ity, depth was significantly different across many dam

removal intervals in the east estuary (F7,81978 5 3498,

p<0.001) and significantly different across all time periods

in the west estuary (F7,80689 5 2489, p<0.001) (Fig. 6; Table

1). Water depth in the east estuary was similar during early

dam removal, Summer 1 and Summer 3 (p 5 0.99 for all pair-

wise combinations of those three periods).

The variability in water temperature decreased beginning

in December 2012 (Fig. 5, Supporting Information Table 3)

and fluctuated diurnally with air temperature rather than

semidiurnally with the tide (Fig. 4b). Estuary temperature

was significantly different across all dam removal phases in

the west estuary (F8, 83701 5 18491, p<0.001), whereas tem-

perature in the east estuary was similar between before dam

removal and summer 2 phases (p 5 0.84), and early removal

and the Lake Mills release phases (p 5 0.16) (Fig. 6; Table 1).

Turbidity levels increased substantially in November 2012

following the release of sediment from Lake Mills (east—
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208 6 161 NTU; west—265 6 203 NTU; Figs. 4-6, Supporting

Information Table 4). Through the rest of the dam removal

process, turbidity values were seasonal; turbidity decreased in

Summer 2 (east—9.7 6 10.2 NTU; west—18.0 6 17.0 NTU),

increased during Winter 3 (east—177 6 50 NTU, west—162 6

215 NTU) and Freshet 3 (east—69 6 65 NTU, west—60 6 85

NTU) and decreased again during Summer 3 (east—12.0

617.4 NTU, west—13.0 6 30.0 NTU).

Turbidity events in WY13 and WY14 were not only

higher than WY12, but the events were also longer in dura-

tion, particularly after March 2013 (Fig. 4, Supporting Infor-

mation Table 4). Overall turbidity was highest in the east

estuary when Lake Mills was draining. During this period,

the estuary was too turbid to support primary production

90% of the time and impaired foraging of fish and inverte-

brates of 25% of the time (Fig. 7b). Turbidity levels during

the main summer growing season varied across the three

water years. Turbidity conditions exceeded the primary pro-

ductivity threshold 30% of the time in WY12, 2% in WY13,

and 5% in WY14 (Fig. 7b).

Discussion

Fundamental changes to the estuary

The estuary complex at the mouth of the Elwha River has

historically been an important habitat for many salmon spe-

cies (Duda et al. 2011a; Quinn et al. 2013) and is an important

component of the restoration occurring on the Elwha River

following the removal of the Elwha and Glines Canyon dams.

The magnitude and rate of change in the Elwha estuary com-

plex during the 3 yr of dam removal have been large and rapid

(Fig. 2). The decades-worth of annual sediment load that

moved through the Elwha River system during dam removal

is on par with flows from extreme events—such as wildfires,

 2011       2012            2013          2014  2011       2012            2013          2014

0

10

20

30

0

0.5

1

1.5

0

5

10

15

20

25

0

500

1000

10

20

30

0

0.5

1

1.5

5

10

15

20

25

0

500

1000

0

0

S
al

in
it

y 
(p

p
t)

D
ep

th
 (

m
)

Te
m

p
er

at
u

re
 (

C
)

Tu
rb

id
it

y 
(N

T
U

)

tseWtsaE

Fig. 5. Monthly median, minimum, and maximum values for salinity (ppt), depth (m), temperature (8C), and turbidity (NTU) from October 2011

through September 2014 for the east estuary only. Arrows denote where sediment from Lake Aldwell and Lake Mills, respectively, started moving
downstream.

Foley et al. Rapid water quality change in the Elwha River

7



typhoons, and volcanoes—that deliver large amounts of land-

derived sediment to aquatic systems over short periods of

time (Major et al. 2000; Milliman and Kao 2005; Jennerjahn

et al. 2013; Magirl et al. in press) (Fig. 8).

Movement and deposition of sediment within the Elwha

watershed, mediated by the staged deconstruction of both

dams, were likely the major drivers directly and indirectly

affecting water quality in the estuary complex. Prior to dam

removal, estuary salinity, depth, and temperature fluctuated

multiple times a day as semi-diurnal tides pushed seawater

into the estuary complex (Magirl et al. 2011). Tidal influence

started to diminish in November 2012 when the lower river

Fig. 6. Box-plots showing differences in (a) salinity (ppt), (b) depth (m), (c) temperature (8C), and (d) turbidity (NTU) values for distinct time inter-
vals before and during dam removal. The width of each box is scaled to the number of days in each time interval. Different letters above the box plots
denote significant pair-wise differences between time periods (p<0.05).
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and delta experienced rapid accumulation of sediment,

including over a meter of aggradation in the river channel

(East et al. 2015) and 100 m of seaward progression of the

delta (Gelfenbaum et al. In press). These two substantial

changes acted together to reduce the extent of tidal propaga-

tion into the estuary complex.

The loss of tidal influence in the estuary complex has

directly affected estuarine conditions—and likely the struc-

ture and function of the estuary—by changing the estuary

from a brackish and tidally influenced system to a perpetu-

ally freshwater system (Figs. 4, 5). Historically, tidal influ-

ence on estuary conditions was highest in the summer and

fall when river discharge was low and conversely lowest in

the spring and winter when river discharge was high (Fig. 3;

Magirl et al. 2011). However, the new configuration of the

river delta has changed this seasonal pattern, with river dis-

charge and channel location emerging as the dominant driv-

ers of water quality in the estuary complex throughout the

year. For example, estuary depth was more strongly coupled

with river discharge following the loss of tidal influence.

High discharge events in WY13 and WY14 resulted in deeper

water levels for longer durations than similar discharge con-

ditions produced prior to tidal loss (Fig. 4a). Sediment depo-

sition during high discharge events also altered the

configuration of estuary channels that connected the estua-

ries to the river (Fig. 9). The estuaries were prevented from

draining after such events, likely driving the overall increas-

ing depth of the estuaries in WY13 and WY14.

Temperature data also reflect the shift from a tidally- to

river-driven system. Prior to WY13, both estuaries exhibited

cyclical daily temperature patterns that coincided with tidal

fluctuations (Figs. 3, 4) (Magirl et al. 2011). Beginning in

WY13, daily temperature fluctuations were limited to a sin-

gle diurnal cycle (Fig. 4b) and significant temperature

decreases in the estuaries were correlated with large river dis-

charge events, particularly during the spring freshet (Fig. 5).

Temperature decreases following high discharge events were

also more prolonged after the loss of tidal influence. The

movement of marine waters—which are generally warmer

than estuary waters and air temperature in the winter and

cooler in the summer—into and out of the estuary moder-

ated estuary temperatures prior to the Lake Mills interval.

Temperature was no longer buffered following the loss of

tidal influence and we saw the highest estuary temperatures

occurring in Summers 2 and 3 and the lowest temperatures

in Winter 3 (Fig. 6). Mean air temperature in Port Angeles,

Washington, increased each summer (2012 5 13.28C,

2013 5 13.78C, 2014 5 14.18C) and was coldest in the winter

months of WY2014 (2012 5 6.18C, 2013 5 6.78C,

2014 5 5.98C). It is likely that air temperatures had a stronger

influence on estuary water temperatures after tidal influence

was lost, as is evidenced by the decreased range in water

temperature midway through WY2013, particularly during

summer months. Minimum water temperature in winter

months following the loss of tidal influence tended to be

colder. During a stretch of low temperature in December

Table 1. Single factor ANOVA and Tukey post hoc test results for dam removal period using fourth root transformed data.

Site and

parameter df Sum of squares F-value p-value Overall change

Nonsignificant pair-wise

interactions (p > 0.5)

East salinity 8, 86980 2799, 3263 9326 <0.001 Decrease � Aldwell release vs. Mills release

� Freshet 3 vs. Summer 3

East depth 7, 81978 177.1, 592.8 3498 <0.001 Increase; less variability � Early removal vs. Summer 1

� Early removal vs. Summer 3

� Summer 1 vs. Summer 3

East temperature 8, 86984 2392, 1520 2392 <0.001 Increase in summer,

decrease in winter;

less variability

� Early removal vs. Mills release

� Pre-dam removal vs. Summer 2

East turbidity 7, 81899 45,781, 39,660 13,506 <0.001 Increase � Aldwell release vs. Winter 3

West salinity 8, 83703 6877, 5347 13,457 <0.001 Decrease —

West depth 7, 80689 143.1, 662.9 2489 <0.001 Increase; less variability —

West temperature 8, 83701 2563, 1450 18,491 <0.001 Increase in summer,

decrease in winter;

less variability

� Summer 1 vs. Mills release

� Summer 2 vs. Winter 3

� Summer 2 vs. Freshet 3

� Summer 2 vs. Summer 3

� Winter 3 vs. Freshet 3

� Winter 3 vs. Summer 3

� Freshet 3 vs. Summer 3

West turbidity 7, 77939 44,615, 40,405 12,294 <0.001 Increase � Summer 1 vs. Freshet 3
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2013 the estuaries completely froze over for more than a

week, the first such documented event in recent history.

Turbidity levels in the estuaries initially increased in the

spring of WY12, which coincided with the draining of Lake

Aldwell and the full removal of the Elwha dam. Although

turbidity increased in the estuary during this time, the

increase was minimal and relatively short-lived. The draining

of Lake Mills in October 2012 coincided with a series of mod-

erate storms (Fig. 4a) that moved a significant amount of

sediment through the river (Warrick et al. in press). Turbidity
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Fig. 7. (a) Proportion of time for each salinity habitat class from May through September for WY2008-2014 (east estuary only); WY2008 and
WY2009 are prior to dam removal and WY2012-2014 are during dam removal. (b) Proportion of time in each turbidity class for WY2012-2014 (east
estuary only). All turbidity data were collected during dam removal.
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levels in the river (Magirl et al. in press) and in the estuary

(Fig. 4a) increased significantly during these storms and sub-

sequent high discharge events through the spring freshet.

High turbidity levels in the estuary were also more prolonged

in WY13 and WY14 than WY12. The increased duration of

the high turbidity events in the estuaries was likely driven by

a combination of increased suspended sediment in the river

along with a reduction in tidal flushing.

Potential biological implications of change

The water quality and habitat changes we have seen in

the Elwha River estuary complex are likely affecting the

recruitment, growth, foraging, and survival of resident and

migratory aquatic organisms that utilize the Elwha River

estuary via multiple pathways. First, the loss of water flow

through the estuary could lead to regime shifts in the water

column and benthic sediment (Alpine and Cloern 1992; Aus-

ten et al. 2002) by changing nutrient dynamics, productiv-

ity, and flushing capacity (Nichols et al. 1986). Second, a

change in the type and persistence of salinity habitats alters

the species that are suited to those conditions (Edgar et al.

2000). Third, elevated turbidity decreases light availability

for primary production (Davies-Colley and Smith 2001), and

can reduce food availability (Brzezinski and Holton 1983)

and the feeding rates and selectivity of juvenile salmon

(Kern et al. 1986).

In addition to changes in water quality, deposition of up

to a meter of fine sediment in the estuary (Warrick et al. in

press) is also likely to affect biological communities (Henley

et al. 2000; Thrush et al. 2003). Studies have shown that

deposition of as little as 3 mm of sediment is enough to alter

benthic invertebrate communities (Lohrer et al. 2004) and

9 cm of sediment can result in complete mortality and slow

recovery (Norkko et al. 2002). Once estuarine benthic com-

munities have been altered by sedimentation events, recov-

ery time may be longer than in adjacent riverine

communities (Reid et al. 2011). Changes in estuary produc-

tivity can reverberate through the food web and have lasting

effects on the growth rates of salmon that experience subop-

timal environmental conditions as juveniles (Morrongiello

et al. 2014). Altered conditions in the Elwha estuary complex

is already resulting in changes in the composition of primary

producers and macroinvertebrate communities in the estua-

ries, along with shifts in fish community structure and juve-

nile salmonid diets (Beirne pers. comm.).

The removal of the Elwha and Glines Canyon dams and

the subsequent delivery and deposition of sediment to the

Fig. 8. Adapted from Jennerjahn et al. (2013). Examples of large-scale

disturbances that resulted in significant amounts of sediment entering
river systems around the world. Green triangle—North Fork Toutle River
(Washington, U.S.A.) after the 1980 Mount St. Helens eruption (Major

et al. 2007); orange diamond—Choshui River (Taiwan) after Typhoon
Herb in 1996 (Milliman and Kao 2005); blue square—Elwha River

(Washington, U.S.A.) after the full removal of the Elwha dam and partial
removal of the Glines Canyon dam in 2013 (Magirl et al. in press); pur-
ple triangle—Arroyo Seco River (California, U.S.A.) after the Marble

Cone Fire in 1977 (Warrick et al. 2012); red circle—Porong River (Java,
Indonesia) in 2008 after the eruption of the mud volcano Lusi (Jenner-
jahn et al. 2013).

Fig. 9. Different configurations of the channel that connects the east estuary to the river. Sediment accumulation in the channel tended to occur dur-

ing high flows, subsequently disconnecting the estuary from the river and increasing the depth of the estuary. (Photos by M. Foley)
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river delta has caused the Elwha River system to lose its

small, but important estuary habitat. However, as the delta

progrades seaward, the potential for new estuary habitat to

develop is high (Fig. 2F). Although estuarine conditions have

not yet manifested in the new pools forming on the east

and west sides of the delta, we are monitoring physical and

biological metrics in these newly formed areas to determine

if viable habitat is starting to form seaward of the historical

estuary complex.

The estuary conditions as of October 2014 are unlikely to

represent the final configuration of the estuary because resto-

ration actions for large-scale projects such as the Elwha can

take years to evolve (Verdonschot et al. 2013). The physical

and biological conditions are likely to continue to evolve

over the next decade as the river moves the remaining reser-

voir sediment and ultimately settles into its natural sediment

regime (Warrick et al. in press) and presumably a stable equi-

librium (Suding et al. 2004). It is possible, however, that the

early changes to the estuary we have documented have

occurred so quickly and are so large that some of the

changes will last decades (Stanley and Doyle 2003). We are

continuing to monitor the physical and biological changes

in the estuary to create a long-term record of the rate and

magnitude of change, better understand how physical and

biological changes are linked, and determine the role of the

estuary—particularly for salmon—in its new configuration.

As sediment delivery and deposition increases due to

anthropogenic and natural stressors in watersheds that pro-

mote the erosion of terrestrial sediment (Thrush et al. 2004),

it is increasingly important to understand how sediment

directly and indirectly affects the structure and functioning

of ecosystems. Even though the removal of the Elwha and

Glines Canyon dams is an extreme sedimentation event,

research is necessary to help inform management decisions

and restoration efforts, particularly for increasing discussions

around dam decommissioning and the short and long-term

tradeoffs associated with removals.

References

Aspen Institute. 2002. Dam removal: A new option for a

new century. The Aspen Institute.

Airoldi, L. 2003. The effects of sedimentation on rocky coast

assemblages. Oceanogr. Mar. Biol. Annu. Rev. 41: 161–

236.

Alpine, A. E., and J. E. Cloern. 1992. Trophic interactions

and direct physical effects control phytoplankton biomass

and production in an estuary. Limnol. Oceanogr. 37:

946–955. doi:10.4319/lo.1992.37.5.0946

Austen, M., and others. 2002. Biodiversity links above and

below the marine sediment–water interface that may

influence community stability. Biodiver. Conserv. 11:

113–136. doi:10.1023/A:1014098917535

Beamer, E., A. Mcbride, R. Henderson, and K. Wolf. 2003.

The importance of non-natal pocket estuaries in Skagit

Bay to wild Chinook salmon: An emerging priority for

restoration. Skagit System Cooperative Research

Department.

Born, S. M., K. D. Genskow, T. L. Filbert, N. Hernandez-

Mora, M. L. Keefer, and K. A. White. 1998.

Socioeconomic and institutional dimensions of dam

removals: The Wisconsin experience. Environ. Manage.

22: 359–370. doi:10.1007/s002679900111

Brenkman, S. J., G. R. Pess, C. E. Torgersen, K. K. Kloehn, J.

J. Duda, and S. C. Corbett. 2008. Predicting

recolonization patterns and interactions between

potamodromous and anadromous salmonids in response

to dam removal in the Elwha River, Washington State,

USA. Northwest Sci. 82: 91–106. doi:10.3955/0029-344X-

82.S.I.91

Brzezinski, M. A., and R. L. Holton. 1983. A report on the

macroinvertebrates of the Columbia River estuary found

in deposits of volcanic ash from the May 18, 1980

eruption of Mount St. Helens. Estuaries 6: 172–175. doi:

10.2307/1351708

Curran, C., C. Magirl, and J. Duda. 2013. Suspended-

sediment concentration during dam decommissioning in

the Elwha River, Washington. U.S.

D.O.I. 1995. U.S. Department of the Interior. Elwha River

ecosystem restoration—final environmental impact state-

ment, p. 215. Olympic National Park Service.

Dauer, D. M. 1993. Biological criteria, environmental health

and estuarine macrobenthic community structure. Mar.

Pollut. Bull. 26: 249–257. doi:10.1016/0025-

326X(93)90063-P

Davies-Colley, R. J., and D. G. Smith. 2001. Turbidity,

suspended sediment, and water clarity: A review. J. Am.

Water Resour. Assoc. 37: 1085–1101. doi:10.1111/j.1752-

1688.2001.tb03624.x

Doyle, M. W., E. H. Stanley, C. H. Orr, A. R. Selle, S. A. Sethi,

and J. M. Harbor. 2005. Stream ecosystem response to small

dam removal: Lessons from the Heartland. Geomorphology

71: 227–244. doi:10.1016/j.geomorph.2004.04.011

Duda, J. J., M. M. Beirne, K. Larsen, D. Barry, K. Stenberg,

and M. L. Mchenry. 2011a. Aquatic ecology of the Elwha

River estuary prior to dam removal, p. 175–223. Coastal

Habitats of the Elwha River Washington—Biological and

Physical Patterns and Processes Prior to Dam Removal.

USGS Scientific Investigations Report 2011-5120.

Duda, J. J., J. E. Freilich, and E. G. Schreiner. 2008. Baseline

studies in the Elwha River ecosystem prior to dam

removal: Introduction to the special issue. Northwest Sci.

82: 1–12. doi:10.3955/0029-344X-82.S.I.1

Duda, J. J., J. A. Warrick, and C. S. Magirl. 2011b. Coastal and

lower Elwha River, Washington, prior to dam removal—

history, status, and defining characteristics, p. 1–25.

Coastal Habitats of the Elwha River Washington—

Biological and Physical Patterns and Processes Prior to Dam

Removal. USGS Scientific Investigations Report 2011-5120.

Foley et al. Rapid water quality change in the Elwha River

12

http://dx.doi.org/10.4319/lo.1992.37.5.0946
http://dx.doi.org/10.1023/A:1014098917535
http://dx.doi.org/10.1007/s002679900111
http://10.3955/0029-344X-82.S.I.91
http://10.3955/0029-344X-82.S.I.91
http://dx.doi.org/10.2307/1351708
http://dx.doi.org/10.1016/0025-326X(93)90063-P
http://dx.doi.org/10.1016/0025-326X(93)90063-P
http://dx.doi.org/10.1111/j.1752-1688.2001.tb03624.x
http://dx.doi.org/10.1111/j.1752-1688.2001.tb03624.x
http://dx.doi.org/10.1016/j.geomorph.2004.04.011
http://dx.doi.org/10.3955/0029-344X-82.S.I.1


East, A. E., and others. 2015. Large-scale dam removal on the

Elwha River, Washington, USA: River channel and

floodplain geomorphic change. Geomorphology 228:

765–786. doi:10.1016/j.geomorph.2014.08.028

Edgar, G. J., N. S. Barrett, D. J. Graddon, and P. R. Last. 2000.

The conservation significance of estuaries: A classification

of Tasmanian estuaries using ecological, physical and

demographic attributes as a case study. Biol. Conserv. 92:

383–397. doi:10.1016/S0006-3207(99)00111-1

Gelfenbaum, G., A. W. Stevens, I. M. Miller, J. A. Warrick, A.

S. Ogston, and E. Eidam. In press. Large-scale dam

removal on the Elwha River, Washington, USA: Coastal

geomorphic change. Geomorphology.

Gowan, C., K. Stephenson, and L. Shabman. 2006. The role

of ecosystem valuation in environmental decision

making: Hydropower relicensing and dam removal on the

Elwha River. Ecol. Econ. 56: 508–523. doi:10.1016/

j.ecolecon.2005.03.018

Grant, G. E., and S. L. Lewis. 2015. The remains of the dam:

What have we learned from 15 years of US dam

removals?, p. 31–36. In G. Lollino et al. [eds.],

Engineering Geology for Society and Territory. Springer.

Heinz Center. 2002. Dam removal: Science and decision

making. The Heinz Center.

Henley, W., M. Patterson, R. Neves, and A. D. Lemly. 2000.

Effects of sedimentation and turbidity on lotic food webs:

A concise review for natural resource managers. Rev. Fish.

Sci. 8: 125–139. doi:10.1080/10641260091129198

Jennerjahn, T. C., I. J€anen, C. Propp, S. Adi, and S. P.

Nugroho. 2013. Environmental impact of mud volcano

inputs on the anthropogenically altered Porong River and

Madura Strait coastal waters, Java, Indonesia. Estuar. Coast.

Shelf Sci. 130: 152–160. doi:10.1016/j.ecss.2013.04.007

Kern, R. A., R. D. Ledgerwood, and A. L. Jensen. 1986. Diet of

subyearling Chinook salmon (Oncorhynchus tshawytscha) in

the Columbia River Estuary and changes effected by the 1980

eruption of Mount St. Helens. Northwest Sci. 60: 191–196.

Konrad, C. P. 2009. Simulating the recovery of suspended

sediment transport and river-bed stability in response to

dam removal on the Elwha River, Washington. Ecol. Eng.

35: 1104–1115. doi:10.1016/j.ecoleng.2009.03.018

Lloyd, D. S., J. P. Koenings, and J. D. Laperriere. 1987.

Effects of turbidity in fresh waters of Alaska. N. Am. J.

Fish. Manage. 7: 18–33. doi:10.1577/1548-

8659(1987)7<18:EOTIFW>2.0.CO;2

Lohrer, A. M., S. F. Thrush, J. E. Hewitt, K. Berkenbusch, M.

Ahrens, and V. J. Cummings. 2004. Terrestrially derived

sediment: Response of marine macrobenthic communities

to thin terrigenous deposits. Mar. Ecol. Prog. Ser. 273:

121–138. doi:10.3354/meps273121

Lorang, M. S., and G. Aggett. 2005. Potential sedimentation

impacts related to dam removal: Icicle Creek,

Washington, USA. Geomorphology 71: 182–201. doi:

10.1016/j.geomorph.2004.10.013

Magirl, C. S., and others. 2011. Baseline hydrologic studies

in the Lower Elwha River prior to dam removal, p. 75–

110. Coastal Habitats of the Elwha River Washington—

Biological and Physical Patterns and Processes Prior to

Dam Removal. U.S. Geological Survey Scientific

Investigations Report 2011-5120.

Magirl, C. S., and others. In press. Large-scale dam removal

on the Elwha River, Washington, USA: Fluvial sediment

load. Geomorphology.

Major, J. J., T. Pierson, R. Dinehart, and J. Costa. 2000.

Sediment yield following severe volcanic disturbance—a

two-decade perspective from Mount St. Helens. Geology

28: 819–822. doi:10.1130/0091-7613(2000)028<0819:

SYFSVD>2.3.CO;2

Milliman, J. D., and S. J. Kao. 2005. Hyperpycnal discharge

of fluvial sediment to the ocean: Impact of Super-

Typhoon Herb (1996) on Taiwanese rivers. J. Geol. 113:

503–516.

Morley, S. A., J. J. Duda, H. J. Coe, K. K. Kloehn, and M. L.

Mchenry. 2008. Benthic invertebrates and periphyton in

the Elwha River basin: Current conditions and predicted

response to dam removal. Northwest Sci. 82: 179–196.

doi:10.3955/0029-344X-82.S.I.179

Morrongiello, J. R., C. T. Walsh, C. A. Gray, J. R. Stocks, and

D. A. Crook. 2014. Environmental change drives long-

term recruitment and growth variation in an estuarine

fish. Glob. Chang. Biol. 20: 1844–1860. doi:10.1111/

gcb.12545

Nichols, F. H., J. E. Cloern, S. N. Luoma, and D. H. Peterson.

1986. The modification of an estuary. Science 231: 567–

573. doi:10.1126/science.231.4738.567

Norkko, A., and others. 2002. Smothering of estuarine

sandflats by terrigenous clay: The role of wind-wave dis-

turbance and bioturbation in site-dependent macrofaunal

recovery. Mar. Ecol. Prog. Ser. 234: 23–42. doi:10.3354/

meps234023

O’connor, J. E., J. J. Duda, and G. E. Grant. 2015. 1000 dams

down and counting. Science 348: 496–497. doi:10.1126/

science.aaa9204

Pess, G. R., M. L. Mchenry, T. J. Beechie, and J. Davies. 2008.

Biological impacts of the Elwha River dams and potential

salmonid responses to dam removal. Northwest Sci. 82:

72–90. doi:10.3955/0029-344X-82.S.I.72

Pohl, M. M. 2002. Bringing down our dams: Trends in

American dam removals. J. Am. Water Resour. Assoc. 38:

1511–1519. doi:10.1111/j.1752-1688.2002.tb04361.x

Quinn, T. P., N. Harris, J. Anne Shaffer, C. Byrnes, and P.

Crain. 2013. Juvenile Coho salmon in the Elwha River

Estuary prior to dam removal: Seasonal occupancy, size

distribution, and comparison to nearby Salt Creek. Trans.

Am. Fish. Soc. 142: 1058–1066. doi:10.1080/00028487.

2013.793614

Randle, T. J., J. A. Bountry, A. Ritchie, and K. Wille. In press.

Large-scale dam removal on the Elwha River,

Foley et al. Rapid water quality change in the Elwha River

13

http://10.1016/j.geomorph.2014.08.028
http://dx.doi.org/10.1016/S0006-3207(99)00111-1
http://dx.doi.org/10.1016/j.ecolecon.2005.03.018
http://dx.doi.org/10.1016/j.ecolecon.2005.03.018
http://dx.doi.org/10.1080/10641260091129198
http://10.1016/j.ecss.2013.04.007
http://dx.doi.org/10.1016/j.ecoleng.2009.03.018
http://dx.doi.org/10.1577/1548-8659(1987)7 &lt; 18:EOTIFW&gt;2.0.CO;2
http://dx.doi.org/10.1577/1548-8659(1987)7 &lt; 18:EOTIFW&gt;2.0.CO;2
http://dx.doi.org/10.1577/1548-8659(1987)7 &lt; 18:EOTIFW&gt;2.0.CO;2
http://dx.doi.org/10.1577/1548-8659(1987)7 &lt; 18:EOTIFW&gt;2.0.CO;2
http://dx.doi.org/10.3354/meps273121
http://dx.doi.org/10.1016/j.geomorph.2004.10.013
http://dx.doi.org/10.1130/0091-7613(2000)028 &lt; 0819:SYFSVD&gt;2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(2000)028 &lt; 0819:SYFSVD&gt;2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(2000)028 &lt; 0819:SYFSVD&gt;2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(2000)028 &lt; 0819:SYFSVD&gt;2.3.CO;2
http://dx.doi.org/10.3955/0029-344X-82.S.I.179
http://dx.doi.org/10.1111/gcb.12545
http://dx.doi.org/10.1111/gcb.12545
http://dx.doi.org/10.1126/science.231.4738.567
http://10.3354/meps234023
http://10.3354/meps234023
http://dx.doi.org/10.1126/science.aaa9204
http://dx.doi.org/10.1126/science.aaa9204
http://dx.doi.org/10.3955/0029-344X-82.S.I.72
http://dx.doi.org/10.1111/j.1752-1688.2002.tb04361.x
http://10.1080/00028487.2013.793614
http://10.1080/00028487.2013.793614


Washington, USA: Erosion of reservoir sediment.

Geomorphology.

Randle, T. J., C. A. Young, J. T. Melena, and E. M. Ouellette.

1996. Sediment analysis and modeling of the river erosion

alternative. Elwha River Ecosystem and Fisheries Restoration

Project, Elwha Technical Series PN-95-9, p. 136. U.S. Depart-

ment of the Interior, Bureau of Reclamation.

Reid, D. J., and others. 2011. Sedimentation effects on the

benthos of streams and estuaries: A cross-ecosystem compari-

son. Mar. Freshw. Res. 62: 1201–1213. doi:10.1071/MF11056

Reid, S. M., M. G. Fox, and T. H. Whillans. 1999. Influence

of turbidity on piscivory in largemouth bass (Micropterus

salmoides). Can. J. Fish. Aquat. Sci. 56: 1362–1369. doi:

10.1139/f99-056

Sawaske, S. R., and D. L. Freyberg. 2012. A comparison of

past small dam removals in highly sediment-impacted

systems in the US. Geomorphology 151: 50–58. doi:

10.1016/j.geomorph.2012.01.013

Shaffer, J. A., P. Crain, B. Winter, M. L. Mchenry, C. Lear,

and T. J. Randle. 2008. Nearshore restoration of the Elwha

River through removal of the Elwha and Glines Canyon

dams: An overview. Northwest Sci. 82: 48–58. doi:10.

3955/0029-344X-82.S.I.48

Shafroth, P. B., T. L. Fuentes, C. Pritekel, M. M. Beirne, and

V. B. Beauchamp. 2011. Vegetation of the Elwha River

estuary, p. 225–248. Coastal Habitats of the Elwha River

Washington—Biological and Physical Patterns and

Processes Prior to Dam Removal. USGS Scientific

Investigations Report 2011-5120.

Simenstad, C. A., K. L. Fresh, and E. O. Salo. 1982. The role

of Puget Sound and Washington coastal estuaries in the

life history of Pacific salmon: An unappreciated function,

p. 343–364. In V. S. Kennedy [eds.], Estuarine

comparisons. Academic Press.

Stanley, E. H., and M. W. Doyle. 2003. Trading off: The

ecological effects of dam removal. Front. Ecol. Environ. 1: 15–

22. doi:10.1890/1540-9295(2003)001[0015:TOTEEO]2.0.CO;2

Suding, K. N., K. L. Gross, and G. R. Houseman. 2004.

Alternative states and positive feedbacks in restoration

ecology. Trends Ecol. Evol. 19: 46–53. doi:10.1016/

j.tree.2003.10.005

Syvitski, J. P. M., C. J. V€or€osmarty, A. J. Kettner, and P.

Green. 2005. Impact of humans on the flux of terrestrial

sediment to the global coastal ocean. Science 308: 376–

380. doi:10.1126/science.1109454

Thrush, S., and others. 2004. Muddy waters: Elevating

sediment input to coastal and estuarine habitats. Front.

Ecol. Environ. 2: 299–306. doi:10.1890/1540-

9295(2004)002[0299:MWESIT]2.0.CO;2

Thrush, S. F., J. E. Hewitt, A. Norkko, V. J. Cummings, and

G. A. Funnell. 2003. Macrobenthic recovery processes

following catastrophic sedimentation on estuarine

sandflats. Ecol. Appl. 13: 1433–1455. doi:10.1890/02-5198

Verdonschot, P., and others. 2013. A comparative review of

recovery processes in rivers, lakes, estuarine and coastal

waters. Hydrobiologia 704: 453–474. doi:10.1007/s10750-

012-1294-7

Vitousek, P. M., H. A. Mooney, J. Lubchenco, and J. M.

Melillo. 1997. Human domination of Earth’s ecosystems.

Science 277: 494–499. doi:10.1126/science.277.5325.494

V€or€osmarty, C. J., M. Meybeck, B. Fekete, K. Sharma, P.

Green, and J. P. Syvitski. 2003. Anthropogenic sediment

retention: Major global impact from registered river

impoundments. Glob. Planet. Chang. 39: 169–190. doi:

10.1016/S0921-8181(03)00023-7

Walling, D., and D. Fang. 2003. Recent trends in the

suspended sediment loads of the world’s rivers. Glob.

Planet. Chang. 39: 111–126. doi:10.1016/S0921-

8181(03)00020-1

Warrick, J. A., and others. In press. Large-scale dam removal

on the Elwha River, Washington, USA: Source-to-sink

sediment budget and synthesis. Geomorphology.

World Commission on Dams. 2000. Dams and development:

A new framework for decision-making. EarthScan Publica-

tions Ltd.

Winter, B. D., and P. Crain. 2008. Making the case for

ecosystem restoration by dam removal in the Elwha River,

Washington. Northwest Sci. 82: 13–28. doi:10.3955/0029-

344X-82.S.I.13

Wunderlich, R. C., B. D. Winter, and J. H. Meyer. 1994.

Restoration of the Elwha River ecosystem. Fisheries 19: 11–19.

doi:10.1577/1548-8446(1994)019<0011:ROTERE>2.0.CO;2

Acknowledgments

We thank the staff and volunteers from the Lower Elwha Klallam Tribe
for assistance with deploying, downloading, and maintaining the sen-

sors, particularly Ray Moses, Mel Elofson, and Gabe Youngman. This
work was supported by funding provided by: U.S. Environmental Protec-

tion Agency–Puget Sound Partnership Puget Sound Protection and Res-
toration Tribal Assistance Program (CFDA#66.121) and the Technical
Investigations and Implementation Assistance Program (CFDA#66.123);

U.S. Geological Survey Coastal and Marine Geology and Ecosystem Mis-
sion Areas and USGS Mendenhall Research Fellowship Program. The use

of trade and company names in this publication is for descriptive pur-
poses only and does not constitute endorsement by the U.S.
Government.

Submitted 7 January 2015

Revised 28 May 2015, 3 June 2015

Accepted 3 June 2015

Associate editor: Josef Ackerman

Foley et al. Rapid water quality change in the Elwha River

14

http://10.1071/MF11056
http://dx.doi.org/10.1139/f99-056
http://dx.doi.org/10.1016/j.geomorph.2012.01.013
http://10.3955/0029-344X-82.S.I.48
http://10.3955/0029-344X-82.S.I.48
http://dx.doi.org/10.1016/j.tree.2003.10.005
http://dx.doi.org/10.1016/j.tree.2003.10.005
http://dx.doi.org/10.1126/science.1109454
http://dx.doi.org/10.1890/02-5198
http://10.1007/s10750-012-1294-7
http://10.1007/s10750-012-1294-7
http://dx.doi.org/10.1126/science.277.5325.494
http://10.1016/S0921-8181(03)00023-7
http://dx.doi.org/10.1016/S0921-8181(03)00020-1
http://dx.doi.org/10.1016/S0921-8181(03)00020-1
http://dx.doi.org/10.3955/0029-344X-82.S.I.13
http://dx.doi.org/10.3955/0029-344X-82.S.I.13
http://dx.doi.org/10.1577/1548-8446(1994)019 &lt; 0011:ROTERE&gt;2.0.CO;2
http://dx.doi.org/10.1577/1548-8446(1994)019 &lt; 0011:ROTERE&gt;2.0.CO;2
http://dx.doi.org/10.1577/1548-8446(1994)019 &lt; 0011:ROTERE&gt;2.0.CO;2

